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ABSTRACT 


Minimum  pressure  envelopes,  computed  for  steady  two-dimen¬ 
sional  flow,  with  an  empirical  correction  for  viscosity,  are  pre¬ 
sented  in  grdphic  form  for  three  foils:  NACA  66  (TMB  modified 
nose  and  tail)  thickness  with  the  NACA  a  =  0.8  camberline,  the 
BuShips  Type  I  section  and  the  BuShips  Type  II  section.  In  addi- 
uion,  design  charts  for  sel'  -  cing  an  "optimum”  foil  are  included. 
A  comparison  of  these  foils,  designed  to  have  a  favorable  operat¬ 
ing  range  of  minimum  pressures  for  a  specified  cavitation  number 
and  lift  coefficient,  shows  the  66  (modified)  form  to  provide  a 
slightly  wider  margin  for  angle  changes.  Also  with  zero  camber, 
the  66  (modified)  section  has  a  greater  range  of  favorable  mini¬ 
mum  pressures  than  the  other  foils. 


ADMINISTRATIVE  INFORMATION 

This  work  was  funded  by  BuShips  Subproject  S-F013-1109,  Task  3002, 
(TMB  Problem  No.  526-O76) . 


INTRODUCTION 

If  it  is  assumed  that  cavitation  will  first  occur  on  a  body  when  the 
local  pressure,  falls  to  the  ve.por  pressure  of  the  surrounding  liquid,  a 
knowledge  of  the  minimum  pressure  is  sufficient  to  predict  the  onset  of 
cavitation  or  to  design  cavitation-free  foils.  Although  the  basic  assump¬ 
tion  that  cavitation  occurs  at  vapor  pressure  is  not  verified  experimentally, 
at  least  for  the  low  Reynolds  numbers  (^  10^)  encountered  in  laboratory 
tests,  predictions  are  generally  conservative  and  agreement  between  experi¬ 
mental  results  and  theoretical  predictions  improves  with  increasing  Reynolds 
1* 

number.  Hence,  there  is  some  hope  that  the  minimum  pressure  will  be 


*  References  are  listed  on  page  12. 


adequate  for  predicting  surface  cavitation  at  the  higher  Reynolds  xcumbers 
encountered  in  full-scale  applications.* 

This  report  presents  two-dimensional  minimum  pressure  envelopes  for 
three  foils.  The  method  of  computing  the  pressure  distribution  is  explained 
in  Reference  I  and  consists  of  calculating  the  potential  flow  pressure  with 
an  empirical  correction  for  viscosity;  the  potential  theory, is  modified  to 
allow  for  arbitrary  lift  at  a  given  angle  of  incidence,  and  the  required 
lift  is  determined  from  estimates  of  the  angle  of  zero  lift  and  lift-curve 
slope. 


DESCRIPTION  OP  FOILS 

* 

Three  profiles  commonly  in  use  for  propeller  blade  sections  were 
chosen  for  the  present  study.  These  profiles  cure  the  NACA  66  (TMB  modi¬ 
fied)  thickness  distribution  with  the  MCA  a  =  0.8  camberline,  the  BuShips 
Type  I,  and  the  BuShips  Type  II  sections. 

The  basic  NACA  66  (TMB  modified)  section  is  the  NACA  66-006,2 
thickened J  near  the  trailing  edge  for  ease  of  manufacture  (a  parabola  is 
fitted  from  the  position  of  maximum  thickness  to  a  finite  trailing  edge 
offset).  Ordinates  of  the  thickness  distribution  vary  linearly  with  maxi¬ 
mum  thickness  ratio.  When  the  pressure  distribution  on  the  NACA  66-006 
was  calculated  using  the  computed  program  of  Reference  1,  a  sharp  suction 
peak  was  discovered  near  the  leading  edge  (see  Figure  l).  If  the  ordinates 
are  plotted  at  the  angular  stations  =  arc  cos  (2x-l)  instead  of  the 
usual  x,  a  slight  hump  appears  at  the  leading  edge  (Figure  2)  which  causes 
the  pressure  peak.  A  similar,  though  smaller,  pressure  peak  on  the  NACA 

*  Full-scale  cavitation  usually  occurs  at  considerably  higher  cavitation 
numbers  than  predicted  from  either  theory  or  model  tests.  The  differences 
are  attributed  to  manufacturing  tolerances,  inaccurate  modeling  of  Inflow 
velocities,  and/or  scale  effect.  Naturally  the  above  conjecture  applies 
to  accurately  constructed  foils  with  smooth,  fair  surfaces  operating  in  a 
steady  uniform  stream. 


65AOO6  was  noted  in  Reference  4  and  also  in  Reference  1.  (The  hump  is 
thought  to  be  the  result  of  inaccuracies  in  the  numerical  method  used 
for  the  design  of  the  NACA  6  Series  foils. The  nose  hump  on  the  66 
section  was  faired  out  by  trial  and  error  to  give  a  smooth  pressure  curve. 
Ordinates  for  the  final  foil,  modified  nose  and  tail,  are  tabulated  in 
Table  1  as  well  as  values  for  the  NACA  a  =  0.8  camberline.  The  calculated 
nonviscous  pressure  distribution  on  this  modified  thickness  distribution  at 
zero  incidence  is  shown  in  Figure  3  for  a  foil  of  10-percent  thickness. 

For  this  section,  the  ordinates  of  cambered  foils  are  obtained  by  laying 
off  the  thickness  perpendicular  to  the  camberline  at  the  corresponding 
station. 

The  BuShips  Type  I  section  is  a  modified  NACA  l6  section  with 

2 

parabolic-arc  camber  (NACA  65  meanline  ) .  The  thickness  distribution,  is 
the  same  as  the  "16"  up  to  mid-chord;  from  the  mid-chord  to  the  trailing 
edge  a  parabola  is  fitted  (the  trailing  edge  is  thinner  than  the  "l6")» 

The  BuShips  Type  II*  section  is  the  NACA  16  thickness  forin  and  the  para¬ 
bolic-arc  camber.  Section  ordinates  are  obtained  by  adding  and  subtracting 
the  thickness  ordinate  from  the  camberline  ordinate  (i.e.,  thickness  is 
added  perpendicular  to  the  nose-tail  line).  Thickness  and  camberline  ordinates 
are  tabulated  in  Table  2  for  the  BuShips  foils.  An  equation  for  the  NACA 
16  thickness  form  which  permits  analytic  determination  of  the  ordinates  can 
be  found  in  Reference  1.**  Calculated  nonviscous  pressure  distributions  on 
the  basic  thickness  forms  of  10-percent  thickness  are  shown  in  Figure  4. 

In  Table  3  offsets  for  the  three  foils  are  tabulated  at  conventional 
stations . 


*  In  practice,  both  the  Type  I  and  Type  II  sections  have  a  modification  near 
the  trailing  edge  for  strength  purposes. However,  this  modification 
depends  upon  the  particular  design  and  cannot  be  handled  in  general.  The 
simplest  esse  of  no  modification  is  considered  in  this  report. 

**  Several  other  equations  for  the  NACa  l6  sections  are  available;  for 
example,  see  NACA  Technical  Note  1546  and  ARC  C.P.  No.  68, 


3 


1 


The  minimum  pressure  envelopes  of  this  report  supersede  the  previously- 
computed  values^  for  the  two  BuShips  foils.  The  minimum  pressures  in  that 
report  were  calculated  using  a  computer  program  which  did  not  determine 
pressures  at  enough  points  near  the  nose  to  ensure  obtaining  the  minimum 
value .  The  computer  program  developed  in  Reference  1  corrects  this 
deficiency . 

CALCULATION  OF  MINIMUM  PRESSURE  ENVELOPES 

The  pressure  distribution  about  each  cambered  foil  was  calculated1 
for  various  angles  of  attack  between  -5  and  +6  degrees.  For  symmetrical 
foils,  the  pressure  distribution  was  calculated  for  various  angles  from  0 
to  8  degrees.  At  each  angle  of  attack,  the  minimum  of  the  computed  pres¬ 
sures  was  selected.  The  enclosed  figures  are  plo^s  of  -Cp  ,  the  negative 
of  the  minimum  pressure  coefficient  versus  ex  ,  the  angle10111  of  incidence 
measured  from  a  lint  joining  the  camberline  endpoints. 

The  calculation  of  the  pressure  distribution  depends  upon  specifying 
a  lift  coefficient  C^  for  a  given  angle  of  incidence.  When  the  experimental 
lift  is  used,  good  agreement  with  measured  pressure  distributions  is 
obtained.1  The  experimental  lift  can  be  determined  from  a  lift-curve  slope 
and  angle  of  zero  lift: 

CL  =  27T  Yj(<*  -  )  [1] 

e 

dCL 

where  Y9  is  the  lift-curve  slope  coefficient,  ■•■■■■  / 2'TT'  ,  and 
l  d 

c<  is  the  experimental  angle  of  zero  lift . 
o 

e 

Analysis^  of  experimental  data  obtained  at  a  relatively  large  Reynolds 
number  (6  x  10^)  shows  that  Y^  and  o<  are  independent  of  each  other 
within  the  limits  of  experimental  scatter,  that  Yj  depends  upon  the  thick¬ 
ness  distribution,  and  that  Q<.  is  approximately  a  constant  fraction  of 

0 

the  nonviscous  thin- wing  value. 
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Since  tile  lift-curve  slope  increases  with  increasing  Reynolds  number, 

Q 

a  value  of  Yf  near  unity  is  reasonable  at  the  high  Reynolds  number  ( ~10  ) 

at  which  these  foils  Eire  expected  to  operate.  Also,  it  is  reasonable  to 

expect  that  the  large  trailing  edge  thickness  of  the  modified  66  form  would 

cause  YJ  to  be  lower  for  that  foil  than  for  the  other  two  foils.  Since  the 

trailing  edge  of  the  BuShips  Type  II  section  (NACA  16)  is  similar  to  the 

NACA  4-digit  series,  the  slope  coefficient  "Y|  was  taken  as  (l  -  0.6lY  ), 

i.e.,  decreasing  linearly  with  the  thickness  ratio  ,  which  is  approximately 

c 

the  value  for  the  NACA  4-digit  series  at  a  Reynolds  number  of  6  x  10°.  In 
the  absence  of  specific  test  data,  the  BuShips  Type  I  section  was  assumed  to 
behave  as  the  Type  II  section.  For  the  modified  66  foil,  *7^  was  estimated 
to  be  (1  -  0.83'"O.»  which  is  slightly  lower  than  the  slope  coefficient  for 
the  BuShips  foils. 

The  actual  angle  of  zero  lift  ©c.  for  the  NACA  a  =  0.8  camberline 

3*  2  °e 

is  1.05  times  the  thin-wing  value  of  zero  lift,  or 

Oi  =  1.05  (-1.95  f)  =  -2.05  f 

e 

2 

and  for  the  parabolic-arc  camberline  the  angle  of  zero  lift  is  about  O.93 
times  the  thin-wing  value  or 

c*o  =  0.93  (-2  f)  =  -1.86  f 
e 

where  <x  is  in  radians  and  f  is  the  maximum  camber  ratio. 

°e 

When  these  quantitites  are  substituted  into  the  equation  for  lift, 
the  expressions  become 

for  the  66  foils:  CT  =  2Tf  (1  -  0.83^  )  (<X  +  2.05  f) 

Jj 

[2] 

for  the  BuShips  foils:  CT  =  2*^  (l  -  0.6lT)  (  c*  +  1.86  f) 

Li 

where  «  j.s  in  radians . 

For  convenience,  the  lift  coefficient  formulas  are  printed  on  the  respective 
figures  of  minimum  pressure  envelopes  for  ©<  in  degrees. 

*  This  investigator  knows  of  only  one  test  of  the  a  =  0.8  camberline:  that 
given  on  page  200  of  Reference  9,  in  which  the  faired  value  of  cx  is 

approximately  1.02  -  0.07  times  the  thin-wing  value.  The  above  value 

of  1.05  is  thus  quite  reasonable. 
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The  minimum  pressure  envelopes  obtained  by  specifying  the  above  lift 

coefficients  are  plotted  in  Figures  5  through  11  for  the  modified  66  form  and 

in  Figures  12  through  l8  for  the  BuShips  forms .  These  curves  are  presented 

as  -CL  versus  ;  for  small  changes  in  and  CV  ,  there  is  little 
min  e 

change  in  minimum  pressure.  Also,  in  design  work,  the  expected  variation 

in  angle  of  attack  can  often  be  predicted  so  that  once  a  particular  foil  is 

selected,  the  extreme  incidence  can  be  used  in  the  figures  to  cneck  the 

suitability  of  the  foil  from  a  cavitation  standpoint. 

The  significance  of  the  shape  of  the  -Cp  -  o<  curves  is  that  in  the 

min 

region  roughly  parallel  to  the  axis,  the  minimum  pressure  occurs  near  mid¬ 
chord,  and  when  the  curve  is  roughly  parallel  to  the  -CL,  axis  the  minimum 

min 

pressure  is  near  the  nose  of  the  section.  For  the  section  with  the  a  =  0.8 

meanline,  the  displacement  of  the  curves  on  the  cx  scale  is  roughly  related 

to  the  ideal  angle  of  attack  (the  angle  for  which  thin-wing  theory  predicts  a 

stagnation  point  at  the  leading  edge  of  the  camberline). 

Although  the  data  are  not  given  in  this  report,  it  was  found  that 

adding  and  subtracting  the  thickness  from  the  camber,  rather  than  applying 

the  thickness  perpendicular  to  the  camber,  resulted  in  higher  -Cp  values 

min 

and  shifted  the  envelope  slightly  toward  the  higher  ©<  's.  These  effects 
are  negligible  for  all  but  the  highest  thickness  and  camber  ratios .  Spe¬ 
cifically  there  is  a  negligible  difference  in  tde  envelopes  for  thickness 
ratios  less  thar.  0.1  or  camber  ratios  less  than  0.02. 


DESIGN  CHARTS 

The  figures  may  be  used  in  two  ways:  first,  and  simpler,  they  may  be 
used  to  predict  cavitation  on  existing  foils  of  the  type  considered,  anu 
second,  they  may  be  used  to  select  foils  which  will  not  cavitate  when 
operating  over  a  specified  range  of  angles . 

In  the  first  case,  the  camber,  thickness,  angle  of  attack,  and  operat¬ 
ing  cavitation  number  a  are  known.  From  the  foil  geometry  and  the  angle 
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of  attack,  a  minimum  pressure  coefficient  is  obtained  from  the  minimum 

pressure  envelopes  given  in  this  report.  Cavitation  is  assumed  not  to  occur 

when  o  is  greater  than  -Cp  ,  and  cavitation  is  assumed  to  occ\ir  when  o 

min 

is  less  than  -Cp 

min 

To  help  in  the  foil  selection  from  a  cavitation  standpoint,  design 

charts  (Figures  19,  20,  and  21 )  were  prepared  graphically  from  the  minimum 

pressure  envelopes.  The  charts  are  based  on  the  "optimum"  foil,  which  is 

defined  as  the  foil  allowing  the  greatest  total  angle  change  without  occur - 

rence  of  cavitation  for  a  given  a.  p0r  symmetrical  foils  (Figures  5  and  12), 

the  "optimum"  is  clearly  the  profile  for  which  the  minimum  pressure  envelope 

changes  from  rising  almost  vertically  from  the  -Cp  scale  to  going  roughly 

min 

parallel  to  it  at  the  given  -Cp  ,  i.e.,  the  "optimum"  is  the  foil  whose 

min 

minimum  pressure  envelope  touches  the  envelope*  of  the  minimum  pressure 

envelopes  at  the  desired  -C  or  o.  For  symmetrical  foils,  the  permissible 

min 

range  of  operating  angles  is  twice  the  incidence  ordinate  of  the  envelope 

of  the  envelopes  at  the  given  -Cp  or  o  (see  Figures  5  and  12). 

min 

For  cambered  foils,  there  are  two  different  envelopes  to  the  minimum 

pressure  envelopes,  one  for  the  upper  surface  and  one  for  the  lower  surface. 

Since  the  one  for  tne  upper  surface  of  the  foil  occurs  at  higher  -Cp 

min 

values  chan  does  the  one  for  the  lower  surface,  it  is  used  to  determine  the 

optimum  foil.  The  width  of  the  bucket  is  then  that  of  the  envelope  at  the 

given  -C  .  Note  that  if  a  (or  -C'^  )  is  expected  to  vary  over  the 

min  * min 

operating  range  of  tingles,  then  it  would  be  better  to  use  the  original  curves 
and  not  the  design  charts. 


*  The  envelope  of  the  minimum  pressure  envlopes  can  be  expressed  analytically 

Q 

as  — s-p-  =  0  where  q  is  the  velocity  on  the  foil,  and  the  expression  is 
evaluated  at  the  point  of  maximum  velocity.  Such  an  evaluation  becomes  too 
cumbersome  for  anything  but  very  simple  expressions  for  the  velocity,  and 
hence  the  envelope  of  envelopes  was  obtained  graphically  for  the  foils  in 
this  report . 


7 


i. 


The  first  of  the  charts  (Figure  19)  gives  the  "optimum"  geometry  of  the 
66  foils  and  the  BuShips  Type  II  section  (since  it  is  superior  to  the  Type  l). 
In  addition.  Figure  19  gives  the  width  of  the  minimum  pressure  envelope  in 
degrees  for  the  "optimum"  foil.  For  a  specific  type  of  section,  given  -Cp 

min 

or  a  and  given  angle  variation,  there  is  a  unique  combination  of  camber 
ratio  and  thickness  ratio  for  an  "optimum"  section. 

The  other  design  charts  (Figures  20  and  21)  give  the  operating  incidence 
and  lift  coefficient  for  an  "optimum"  foil.  Two  different  average  operating 
conditons  are  considered:  midpoint  and  2:1  ratio.  For  midpoint  operation, 
the  foil  will  experience  angle -of -attack  variations  of  equal  magnitude  in 
the  positive  and  negative  directions  about  the  operating  incidence.  For 
the  2:1  ratio,  the  foil  will  experience  twice  the  positive  variation  as  the 
negative  (positive  in  the  nose-up  direction).* 

In  the  design  of  cavitation-free  foils,  a  design  is  set,  a  minimum 
thickness  from  strength  considerations  is  obtained,  and  a  minimum  operation 
o  is  calculated.**  In  some  cases  a  variation  in  the  operating  angle  of 
attack  is  known  or  can  be  estimated.  It  is  now  necessary  to  find  a  camber 
ratio,  thickness  ratio,  and  an  average  operating  angle  of  attack  such  that 
the  design  is  met,  the  thickness  is  not  less  than  the  strength  considera¬ 
tions  permit,  and  such  that  -Cp  is  less  them  a  over  the  range  of  angle 

min 

of  attack  variations.  Actually,  for  the  nonsteady  problem,  the  nonsteady 
minimum  pressures  should  be  computed.  This  investigator  knows  of  no  "simple" 
method  of  doing  this  and  hence  the  "quasi- steady"  approach  outlined  above 
is  suggested. 

For  situations  when  the  angle-of-attack  variation  is  not  known  or  not 
critical,  the  following  procedure  is  recommended:  With  the  minimur  thick¬ 
ness  and  known  cr  (i.e.,  -Cp  ),  enter  Figure  19  to  obtain  a  camber  ratio. 

min 

Then  enter  Figure  20  or  21  with  a  selected  type  of  angle  variation  to  obtain 
an  operating  incidence  and  C^.  In  general,  this  will  not  be  the  same  as 

*  A  2:1  angle  variation  is  considered  typical  of  propeller-blade  sections. 

**  In  certain  cases,  a  may  vary,  as  in  a  nonuni form  flow,  and  the  minimum 
pressure  envelopes  -  not  the  design  charts  -  should  be  used. 
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that  required.  Either  the  thickness  may  he  increased  or  the  chord 
lengthened  -  or  both  -  and  the  process  repeated  until  the  required  CT 
is  obtained  for  an  "optimum"  foil. 

If  the  angle-of-attack  variation  is  known  and  critical,  then  the 
known  variation  and  known  a  uniquely  determine  and  f  from  Figure  19 . 
Figures  20  and  21  will  give  an  operating  incidence  and  CT  for  the  foil. 

Here  too,  it  may  be  necessary  to  change  the  chordlengoh  to  carry  the 
necessary  load,  remembering  that  the  thickness  and  camber  ratio  are  fixed. 
In  propeller  design,  the  fixed  coefficient  is  the  lift  coefficient  mul¬ 
tiplied  by  the  chord-diameter  ratio.  Once  CT  is  read,  the  chordlength  is 
determined.  If  this  section  is  close  but  does  not  quite  make  the  strength 
requirements,  a  judicious  rereading  of  the  charts  is  suggested  since  some 
latitude  is  permitted  in  the  readings.  For  large  disagreements,  designing 
for  a  smaller  angle  variation  is  suggested  since  experiments  seem  to  indi¬ 
cate  that  the  cavitation  inception  curve  is  wider  than  the  minimum  pressure 
envelope.'*' 

The  above  procedures  are  not  rigid,  of  course,  and  are  offered  only 
as  a  guide.  It  is  quite  possible  that  other  design  approaches  will  be 
used.  In  some  instances  perhaps  the  camber,  a,  and  incidence  are  fixed. 

In  this  case.  Figure  19  will  give  an  optimum  thickness  for  the  fixed  a  and 
also  the  permissible  angle  variation.  Figure  20  or  21  will  give  the  mid¬ 
point  of  the  envelope.  The  endpoint  incidences  of  the  envelope  width  would 
be  the  midpoint  plus  or  minus  one-half  the  width.  These  endpoints  permit 
a  check  that  the  operating  incidence  is  within  their  limits. 

To  illustrate  and  extend  the  remarks  made  in  the  previous  paragraphs, 

a  specific  design  problem  will  be  presented.  The  problem  is  to  determine 

a  foil  shape  and  incidence  for  a  given  CT  for  the  two  types  of  foils  con- 

sidered  in  this  section  (i.e.,  66  and  Type  II)  and  such  that  the  minimum 

pressure  envelopes  extend  approximately  equal  distances  on  both  sides  of 

the  design  angle  of  attack.  For  each  foil,  the  average  lift  coefficient 

was  taken  to  be  0.3  and  a  (or  -CL  )  was  taken  to  be  0.6. 

min 


L 


* 


I 


\ 


For  the  66  foil.  Figures  19  and  20  are  entered  with  o  and  C 

Ii 

respectively,  and  a  common  thickness  and  camber  ratio  found.  This  gives  a 

thickness  ratio  of  0.126,  a  camber  ratio  of  0.0225,  and  an  operating 

incidence  of  0.4l  degrees.  The  second  part  of  Figure  19  gives  a  total 

permissible  angle  variation  of  3*9  degrees. 

Similarly  for  the  BuShips  Type  II  foil,  Figures  19  and  21  show  an 

optimum  foil  with  a  thickness  ratio  of  0.119,  a  camber  ratio  of  0.0245, 

and  an  incidence  of  0.34  degrees.  From  Figure  19,  the  total  width  of  the 

envelope  is  seen  to  be  3  *7  degrees . 

The  minimum  pressure  envelopes  for  these  foils  have  been  computed 

independently  and  are  plotted  in  Figure  22.  These  curves  are  plots  of 

-CL  versus  C  to  emphasize  that  each  foil  wan  selected  to  give  the 
min  L 

same  C^.  These  curves  reinforce  the  above  paragraphs  in  that  they  show 
the  HACA  66  (modified)  form  to  be  superior  to  the  BuShips  Type  II  since 
its  minimum  pressure  envelope  permits  a  greater  margin  for  angle  changes 
before  cavitation  occurs .  (The  angle  variation  is  the  difference  in  lift 
coefficients  divided  by  the  lift -curve  slope.) 

In  foil  selection  from  a  cavitation  standpoint,  several  points  are 
worth  keeping  in  mind:  First,  for  constant  angle  of  attack  in  the  favor¬ 
able  operating  range  (the  nearly  vertical  -Line  on  the  figures  for  which 

— C_  is  low),  the  value  of  -C  increases  with  both  "f  and  f .  Second, 

min  niin 

the  extent,  with  respect  to  ©C  ,  of  the  ‘x&'f G  rable  range  increases  with 

increasing  T  and  also  with  increasing  f .  Third,  in  this  favorable  range, 

-CL  increases  more  rapidly  with  f  than  with  angle  of  attack  for  equal 
min 

changes  in  C^.  Fourth,  the  thin-wing  ideal  angle  of  attack  may  be  of  limited 
use  when  designing  cavitation-free  foils  to  meet  a  given  variation  in  angle 
of  attack.*  Fifth,  often  it  will  not  he  possible  to  avoid  cavitation  for  a 
given  a  and  angle-of -attack  variation. 


*  The  use  of  the  ideal  angle  of  attack  as  the  design  incidence  is  based  on 
the  assumption  that  minimum  drag  occurs  at  this  incidence.  Unfortunately, 

O 

experimental  results  show  this  is  only  approximately  true.  Small  depart¬ 
ures  from  the  "ideal"  such  as  recommended  here  are  still  within  .the  region 
of  low  drag. 
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SUMMARY  AND  CONCLUSIONS 


Minimum  pressure  envelopes  are  presented  in  graphic  form  for  three 

foils:  the  NACA  66  (TMB  modified  nose  and  tail)  with  the  NACA  a  =  0.8 

camberline,  the  BuShips  Type  I  section  and  the  BuShips  Type  II  section. 

Without  camber,  the  NACA  66  (modified)  form  has  a  greater  extent  of 

favorable  operating  range  (i.e.,  lover  -Cp  values)  than  do  the  BuShips 

min 

foils.  Cambered  foils  selected  for  the  same  operating  conditions  also 

show  the  66  foil  to  be  slightly  superior  to  the  BuShips  foils.  Over  the 

entire  range  of  thickness  and  camber  ratios,  the  BuShips  Type  I  has  a 

higher  -C  than  does  the  Type  II. 

^min 

The  theoretical  calculations  show  that  in  the  favorable  operating 

range,  inci easing  the  thickness  or  camber  ratio  increases  the  value  of 

-Cp  but  the  extent  of  the  favorable  operating  range,  with  respect  to  c*  , 
min 

is  increased.  In  the  favprable  operating  range,  the  calculations  also  show 

that  -C  increases  faster  with  camber  ratio  than  with  angle  of  attack 
min 

for  equal  changes  in  lift  coefficient. 

Design  charts,  which  give  the  "optimum”  camber  and  thickness  ratios 
for  a  given  angle-of -attack  variation  or  lift  coefficient,  and  cavitation 
number  are  presented  for  the  NACA  66  (modified)  section  and  for  the  BuShips 
Type  II  section. 
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Figure  1  -  Pressure  Distribution  on  the  NACA  66-006  Shoving  Pressure 
Peak  at  Nose 


Figure  2  -  Ordinate  versus  Angular  Variable,  Shoving  Hump  near  the 
Leading  Edge,  NACA  66-006 
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TABLE  1 


C 


Figure  3 


Section  Geometry,  NACA  66  (Mod)  and  a  *  8  Camber 


Button 

66  (Mod) 
Thlckneaa 

a  =  8 
Camber 

Camber  line 

Slope 
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Yt/t 

Yc/( 

dx  / 
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0* 
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1.0 
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0 
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••Value  at  x  -  .005 


-  Theoretical  Pressure  Distribution  at  =< 
66-010  (TMB  Modified  Nose  and  Tail) 


0  Degree  on  the  NACA 
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Section  Geometry  BuShipa  Foil* 
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Figure 


Theoretical  Pressure  Distribution  at  '  •  =0  Degree  on  the  BuShip 

Foils  of  10-Percent  Thickness  and  Zero  Camber 


TABLE  3 


Foil  Geometry  at  Conventional  Stations 


NACA  66  (Mod)  L  a  =  . 
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Figure  6  -  Minimum  Pressure  Envelopes  for  NACA  66  Sections  (TMB  Modified  Nose  and  Tail) 
with  the  NACA  a  =0.8  Camberline,  Having  a  Maximum  Camber  Ratio  of  0.01 


Figure  7  -  Minimum  Pressure  Envelopes  for  NACA  66  Sections  (TMB  Modified  Nose  and  Tail) 
.  with  the  NACA  a  =  0.8  Camberline,  Having  a  Maximum  Camber  Ratio  of  0.02 
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Figure  8  -  Minimum  Pressure  Envelopes  for  NACA  66  Sections  (TMb  Modified  Nose  and  Tail) 
with  the  NACA  a  =  0.8  Camberline,  Having  a  Maximum  Camber  Ratio  of  O.Cj 
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Figure  c,<  -  Minimum  Pressure  Envelopes  for  NAC4  66  Sections  (TM3  Modified  Nose  and  Tail) 
with  the  NACA  a  =0.8  Camberline,  Having  a  Maximum  Camber  Ratio  of  0.0k 
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Figure  10  -  Minimum  Pressure  Envelopes  for  NACA  66  Sections  (TMP  Modified  Nose  and  1 
with  the  NACA  a  =  0.8  Camberline,  Having  a  Maximum  Camber  Ratio  of  0.05 


Having  a  Maximum  Career  Ratio  of  0.05 
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Figure  lj  -  Minimum  Free. jure  Envelopes  Fur  trie  BuShips  Type  I  and  Type  II 
Section?  Having  a  Maximum  Camber  Ratio  of  0.01 
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Figure  1 6  -  Minimum  Pressure  Envelopes  for  the  BuShips  Type  I  and  Type  II 
Sections  Having  a  Maximum  Camber  Ratio  of  0.04 
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Figure  17  -  Minimum  Pressure  Envelopes  for  the  BuShips  Type  I  and  Type  IT 
Sections  Having  a  Maximum  Camber  Ratio  of  0.05 
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Figure  18  -  Minimum  Pressure  Envelopes  for  the  BuShips  Type  I  and  Type  II 
Sections  Having  a  Maximum  Camber  Ratio  of  0.06 


.THICKNESS  RATIO 


t,  CAMBER  RATIO 


1.CAMKM  RATIO 


N.CA  MlMOa  ANO  NACA  * 


0  »  M  MIRW  y 


optimum  geometry 


roa  given -Cp** 


mWm.wMM  WM 

Hi 


WiQTH  Of  CNVtlflPC  f0« 
OPTmUM  foils 
MCA  WMOO*  ARO  NACA  «•  • 


mm 


mtrf/f/A 


OPTIt  JM  GEOMETRY  FOR  GIVEN  -CptM  - 
RUSHlM  TYRE  II  SECTIONS  . 

^ — a  '  u  u  «  * 


IF/ 


Q  I  «. 


WIDTH  Of  ENVELOPE  W*  OCQPEES 


Figure  19  -  Geometry  of  Optimum  Foils 
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Figure  22  -  Comparison  of  Foils  Designed  for  an  Average  Lift  Coefficient  of  0.3  and 
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